Glutathione export from uninfected human erythrocytes was compared with that from cells infected with the malaria parasite Plasmodium falciparum using two separate methods that distinguish between oxidized (GSSG) and reduced (GSH) glutathione. One involved enzymatic recycling with or without thiol-masking; the other involved rapid derivatization followed by HPLC. Glutathione efflux from uninfected erythrocytes under physiological conditions occurred predominantly as GSH. On exposure of the cells to oxidative challenge, efflux of GSSG exceeded that of GSH. Efflux of both species was blocked by MK571, an inhibitor of mammalian multidrug-resistance proteins. Glutathione efflux from parasitized erythrocytes was substantially greater than that from uninfected erythrocytes. Under physiological conditions, the exported species was GSH, whereas under energydepleted conditions, GSSG efflux occurred. Glutathione export from parasitized cells was inhibited partially by MK571 and more so by furosemide, an inhibitor of the 'new permeability pathways' induced by the parasite in the host erythrocyte membrane. Efflux from isolated parasites occurred as GSH. On exposure to oxidative challenge, this GSH efflux decreased, but no GSSG export was detected. These results are consistent with the view that the parasite supplies its host erythrocyte with GSH, much of which is exported from the infected cell via parasite-induced pathways.
INTRODUCTION
Glutathione is critical for maintenance of normal cell function, for longevity and for defence against oxidative challenge [1] [2] [3] [4] . It is particularly important in erythrocytes, which are exposed to high levels of oxygen and which contain reactive haem. These cells maintain substantial intracellular levels of reduced glutathione (GSH) and low levels of the principal oxidized form, GSSG, with the high GSH/GSSG ratio providing a reducing substrate for glutathione peroxidase, protecting the cell membrane from lipid peroxidation [5] and moderating the extent of glutathionylation of membrane-associated proteins involved in the regulation of cell shape as well as membrane deformability and stability (e.g. spectrin [6] ). Erythrocytes infected with Plasmodium falciparum are subjected to even greater oxidative challenges [7] [8] [9] [10] , but still maintain a high GSH/GSSG ratio [9, 11] .
In erythrocytes, there is ready synthesis of GSH [12] , and glutathione reductase restores any oxidized glutathione (GSSG) back to its reduced form (GSH) . Early studies demonstrated that, in oxidatively stressed erythrocytes, there is an active GSSG-efflux system which serves as an additional route of GSSG removal [13] . In subsequent studies, using more sensitive methods, a modest basal level of export of GSSG, but not of GSH, was detected from unstressed erythrocytes [14] . This export was said [14] to be sufficient to account for the previously unexplained [15] turnover of intracellular GSH. Subsequent work using inside-out vesicles prepared from erythrocyte membranes and membranes from other cell types has led to the identification of members of the MRP (multidrug-resistance protein) family as important transporters for glutathione and its conjugates. MRP1, MRP4 and MRP5 are all present on the plasma membranes of human erythrocytes, with the evidence indicating that MRP1 plays the major role in GSSG export [16] [17] [18] [19] [20] [21] [22] [23] . However, although it is generally agreed that erythrocytes can export GSSG, there is no universal agreement about the form of glutathione normally exported from unstressed erythrocytes, with some studies reporting the efflux of GSSG [14, 23] and another the export of GSH [24] .
Infection by the human malaria parasite, P. falciparum, leads to a substantial increase in the efflux of total glutathione from human erythrocytes [11, [25] [26] [27] [28] . In the one study to analyse the form in which glutathione efflux occurred, Atamna and Ginsburg [11] reported that GSSG was the effluxed species. In the same study, it was also reported that parasites isolated from their host cell export GSSG, consistent with the hypothesis that the parasite exports glutathione in the oxidized form to its host cell which in turn expels it to the circulation.
In the present study, the efflux of glutathione from erythrocytes has been re-examined using two different methods that distinguish between GSH and GSSG. One utilizes the Tietze enzymatic recycling method [29] that measures the total glutathione in samples by spectrophotometric means and uses a suitable thiolmasking agent to remove the GSH from samples prior to detection. The other is an HPLC method employing derivatization of GSH and separate detection of the derivative and GSSG. Our results indicate that, in contrast with what has been suggested previously, efflux of glutathione from uninfected cells without oxidative challenge, from infected erythrocytes and from isolated parasites is in the reduced form, i.e. GSH. The data are consistent with the parasite exporting reducing equivalents to its host cell.
M2VP (1-methyl-2-vinylpryidinium trifluoromethane sulfonate) was obtained from Sigma. A 10 mM stock of MK571 {(E)-3-[[[3-[2-(7-chloro-2-quinolinyl)ethenyl]phenyl]-[(3-dimethylamino)-3-oxopropyl]thio]methyl
]thio]-propanoic acid, sodium salt} (Calbiochem) was prepared in distilled water. This was immediately divided into aliquots of 100 μl and stored frozen at − 80
• C until the day of the experiment and used at a final concentration of either 19 μM or 100 μM. A 40 mM stock of BCNU (bis-chloroethylnitrosourea) (Sigma) was prepared in ethanol. As with MK571, this was immediately divided into aliquots of 50 μl and stored frozen at − 80
• C until the day of the experiment and used at a final concentration of 40 μM. Furosemide (Sigma) was made up as a 200 mM stock in DMSO, stored at 4
• C and used at a final concentration of 200 μM. Diamide was obtained from Sigma, but is no longer available. In all experiments in which these reagents were used, control untreated cells were exposed to similar concentrations of the relevant solvent. All other agents were obtained from Sigma and were of analytical grade.
Human erythrocytes
Experiments on uninfected erythrocytes were carried out on cells discarded for purposes of transfusion by the U.K. National Blood and Transplant Authority and used within 3 weeks of collection. Total glutathione content is maintained over this period [30] . Human erythrocytes used for the in vitro culture of P. falciparum were obtained from the Canberra branch of the Australian Red Cross, typically within 3 weeks of collection.
Parasites and parasite culture P. falciparum parasites (strains Dd2, 3D7 and D10) were maintained in synchronous in vitro cultures under shaking conditions [31] . Cultures typically contained a 2-3 % haematocrit suspension of O + erythrocytes in RPMI 1640 medium (Invitrogen) supplemented with 5 mg · ml
Albumax II serum substitute (Invitrogen), 25 mM Hepes, 11 mM glucose, 200 μM hypoxanthine and 25 mg · ml − 1 gentamycin sulfate and maintained at 37
• C under an atmosphere comprising 3 % CO 2 , 1 % O 2 and 96 % N 2 . The cultures were synchronized by haemolysis of mature trophozoite-stage parasitized erythrocytes by suspension in a 50 mg · ml − 1 sorbitol solution. Experiments were carried out on synchronized trophozoite-stage parasitized erythrocytes, approximately 36 h post-invasion, or on parasites isolated from these cultures as described below. In some experiments in which glutathione efflux and content of uninfected erythrocytes were compared directly with those of infected erythrocytes, a portion of the batch of erythrocytes used for the parasite culture was harvested, washed and suspended in the same manner as for the parasite-infected erythrocytes.
Parasite isolation
Parasites were functionally isolated from their host erythrocytes using saponin as described in [32] . Saponin renders the erythrocyte plasma membrane and the parasitophorous vacuole membrane permeable to macromolecules [33] , but leaves the parasite plasma membrane intact and able to maintain transmembrane ion gradients [34, 35] .
Measurement of glutathione content and efflux using an enzymatic assay GSH and GSSG were measured using an enzymatic recycling method based on that used by Tietze [29] . The principle of the assay is to use GSH to reduce DTNB [5,5 -dithiobis-(2-nitrobenzoic acid)] (Ellman's reagent) to a coloured product, with regeneration of the GSH using glutathione reductase and NADPH. The method detects the total glutathione present in the sample. If the sample is pre-treated with a thiol-masking agent to remove all GSH, then only the original GSSG content is detected. In the present study, Tietze's method was modified to use more convenient masking agents, either M4VP [36] or M2VP. The reaction of M4VP with GSH was carried out at pH 10, with the samples subsequently diluted and buffered to pH 7.5 (under which conditions M4VP does not interfere with the recycling assay). In contrast, M2VP reacts with GSH at pH 7.4 and so can be used with all steps of sample processing carried out at pH 7.4. The rate of formation of the end product of the assay, 2 -nitro-5 -benzoic acid, was determined by measuring the change in absorbance over time at either 405 or 414 nm.
To measure cell glutathione levels, and glutathione efflux, cells were incubated at concentrations of (1-4)×10 8 cells · ml − 1 at 37
• C in a solution containing 25 mM Hepes, 125 mM NaCl, 5 mM KCl, 1 mM MgCl 2 and 20 mM D-glucose. For infected and uninfected erythrocytes, the buffer was adjusted to pH 7.4, whereas for isolated parasites, the buffer was held at pH 7.1 (which is the estimated pH of the infected erythrocyte cytosol [37] ). In each efflux experiment, at the start of the efflux period and at intervals thereafter, with the timescale depending on the cell type, duplicate samples of cell suspension were taken: one for glutathione assay and the other for estimation of the extent of lysis.
The samples were immediately centrifuged at 12 000 g (10 s for uninfected erythrocytes, 20 s for infected erythrocytes and 30 s for isolated parasites) at room temperature (21
• C), and the supernatant solutions were separated from their cell pellets and transferred to separate tubes.
The supernatant samples to be used for the estimation of the degree of cell lysis were immediately frozen (without the addition of sulfosalicylic acid), whereas the pellet samples were first lysed by addition of distilled water at volumes equivalent to those of their supernatants and then frozen.
In the initial experiments in the study, glutathione analyses were carried out using M4VP as the thiol-masking agent. After centrifugation of the cell suspension and separation of the supernatant solution from the cell pellet, sulfosalicylic acid was added to both cell and supernatant samples to precipitate proteins. In the case of the pellets, this involved resuspension in 46 mM (10 mg · ml − 1 ) sulfosalicylic acid in water to volumes equivalent to those of the original samples taken. In the case of the supernatants, this involved adding a small volume of ten times more concentrated sulfosalicylic acid so as to achieve a final concentration of 46 mM. Following the addition of sulfosalicylic acid, the samples were frozen. Immediately before the glutathione assay, the supernatant and pellet samples were thawed to room temperature and cell debris and/or haemozoin was removed by centrifugation at 12 000 g for 5 min. The protein-free solutions were each divided into two; one part was treated with 1.2 mM M4VP at pH ∼ 10 to mask the GSH and the other part was treated with vehicle alone at pH 10.
In later experiments, M2VP was used as the thiol-masking agent. Cell suspensions were divided into two and M2VP was added to one part immediately (at a final concentration of 125 μM) and vehicle alone to the other part, followed by separation of cells and extracellular solution by centrifugation. The pellets were resuspended in distilled water (with or without M2VP) to the original sample volume and the supernatant solutions (with or without M2VP) and resupended pellets were then frozen. Immediately before the glutathione assay, each 50 μl sample was thawed and 2.5 μl (supernatants) or 5 μl (pellets) of 460 mM sulfosalicylic acid was added to precipitate proteins.
The samples treated either with M4VP or M2VP were assayed using the recycling method with an incubation mixture (pH 7.5) containing 20 μl of sample and 180 μl of 100 mM sodium phosphate buffer, 1 mM EDTA, 0.18 mM DTNB, 0.2 mM β-NADPH and 0.5 unit · ml − 1 glutathione reductase, and made up immediately before use. Spectrophotometric readings at 405 nm were taken at 10 min intervals for 60 min in a multiwell plate reader and the slope of the linear portion of the time course was calculated.
Calibration curves relating the slope of the time course to the concentration of glutathione were constructed for each assay using standard solutions of GSH (5 μM) and GSSG (2.5 μM) prepared in precisely the same manner as the experimental samples. These established that, with the thiol-masking agents present, there was nearly complete (e.g. 98.3 + − 0.3 % for M2VP) masking of GSH, with most (e.g. 78.0 + − 3.5 % for M2VP) of the GSSG remaining detectable. In many efflux experiments, these values led to negative concentrations for GSSG in the samples, implying that the masking of GSH was even closer to 100 %, with the small signal observed with the GSH standards resulting from trace contamination with GSSG (cf. [29] ). Cell numbers were measured by counting with a haemocytometer or a Scepter handheld automated cell counter with a 40 μm Scepter sensor (Millipore).
To ensure that measurements of GSH and GSSG were not affected by components of the cell lysates, by materials released into the incubation medium or by the various pharmacological agents used, experiments were performed in which known amounts of GSSG or of GSH were added to duplicate samples of both supernatant and cell lysates immediately before further processing for assay. In all cases, the extra amounts detected were the same as in the standards.
Measurement of glutathione content and efflux using an HPLC assay
In addition to the enzymatic assay described above, the intraand extra-cellular concentrations of total glutathione were estimated using ultra-high-pressure liquid chromatography. To discriminate between reduced and oxidized glutathione, samples were derivatized using DTNB, a thiol-specific derivatization reagent [38, 39] . The reaction of DTNB with GSH occurs immediately (i.e. within the times required for sample handling) under physiological conditions, masking the thiol group and thereby preventing conversion into GSSG. The derivatized GSH was detected using a diode array detector (Dionex), measuring the absorbance at 340 nm. The underivatized GSSG was detected using a charged aerosol detector (Dionex).
In a typical experiment, 10 7 cells suspended in 100 μl of saline (25 mM Hepes, 125 mM NaCl, 5 mM KCl, 1 mM MgCl 2 and 20 mM D-glucose; pH 7.4 for intact erythrocytes and pH 7.1 for isolated parasites) were incubated at 37
• C. At predetermined time points, the cells were pelleted by centrifugation at 13 000 g for 2 min, and the supernatant solution was removed and mixed with 100 μl of 1 mM DTNB in ethanol, leading to an immediate derivatization of all thiols in the solution. The pelleted cells remaining in the tube were lysed by the addition of 100 μl icecold methanol, and the insoluble cell fragments were removed by centrifugation at 17 000 g for 5 min. The supernatant solution was combined with 100 μl of saline and 100 μl of 1 mM DTNB in ethanol. Both fractions were stored at 4
• C until being subjected to further analysis by HPLC.
Samples were analysed using a Dionex Ultimate 3000 RSLC equipped with a diode array detector set to 340 nm and a charged aerosol detector with the nebulizer set to 30
• C and a gain of 100 pA. An Acclaim RSLC PAII (2.2 μm, 2.1 mm×250 mm) column was used at 60
• C with a flow rate of 0.5 ml/min and a post-column cooler set to 30
• C. The mobile phase comprised 13 mM trifluoroacetic acid and 4 % (v/v) tetrahydrofuran (solvent A), and 13 mM trifluoroacetic acid, 4 % (v/v) tetrahydrofuran and 50 % (v/v) acetonitrile (solvent B) in a gradient of 0-100 % (v/v) solvent B in solvent A.
Calibration curves for peak area were constructed using standard solutions of GSH and GSSG.
Estimation of efflux rates, the extent of cell lysis and the stability of GSH and GSSG in the extracellular solution
In all measurements of cellular glutathione content and glutathione efflux, estimates were made of the extent of cell lysis that occurred during the course of each experiment. Lysis of uninfected and P. falciparum-infected erythrocytes was assessed from the release of haemoglobin as calculated from the measured absorbances (at 415 nm) of the extracellular medium and cell lysates. Lysis of isolated parasites was measured by analysing the activity of an intracellular enzyme, lactate dehydrogenase [40, 41] , in samples of the cells and of the supernatant set aside before addition of sulfosalicylic acid.
For isolated parasites, lysis during the course of the experiment never exceeded 2 % and was typically less than 0.1 %. The efflux of GSH from this cell type was sufficiently large for the amount of GSH released due to cell lysis to fall within the error bars for the efflux (i.e. the contribution of cell lysis to the appearance of GSH in the extracellular solution was negligible), and, unless explicitly stated otherwise, there was therefore no correction for lysis applied to the estimated efflux rates. For uninfected erythrocytes, the rate of efflux was substantially smaller than that seen for isolated parasites and for these cells lysis did account for a significant portion of the GSH appearing in the extracellular solution. For all experiments with uninfected erythrocytes, a correction for cell lysis was therefore applied, as indicated in the Results. In the case of infected erythrocytes, the rate of efflux of GSH was higher than that seen for uninfected erythrocytes, and, as was the case for isolated parasites, the amount of GSH present in the extracellular fluid due to cell lysis fell within the error bars for the efflux. Nevertheless, for consistency with the uninfected erythrocyte experiments, a correction for cell lysis was applied to the infected erythrocyte data.
Estimates of the stability of GSH and GSSG in the extracellular fluid during the efflux period and during the subsequent centrifugation step were obtained by adding known amounts of GSH and GSSG to the cell suspension at the start of the efflux period. In the case of the added GSSG, the data were consistent with there having been no loss of the added compound; there was therefore no adjustment made on this account. In the case of the added GSH, there was perceptible loss of the added compound, with some of the extracellular GSH being converted into GSSG over the long (2 and 4 h) efflux periods used in the uninfected erythrocyte experiments. Rate constants for loss of GSH (by all routes) and for the conversion of GSH into GSSG were calculated. From the assumptions that the efflux of GSH into the extracellular solution occurred at a constant rate, and that GSH was lost from the extracellular solution at a rate proportional to its concentration, the rate of efflux was calculated from the amount of GSH present at the end of the efflux period. This also allowed the calculation of a time course of GSH concentration. Using this time course and the amount of GSSG appearing in the supernatant, the rate constant of production of GSSG could be calculated.
In the experiments with infected erythrocytes, there are both infected and uninfected cells in the cell suspension and both contribute to the measured efflux. Adjustments therefore have to be made for the level of parasitaemia (par), i.e. the fraction of the cells in the suspension that are infected. In the experiments of the present study, the parasitaemia varied from 0.28 to 0.5. If efflux RBC is the efflux per cell for uninfected cells, efflux iRBC is the efflux per cell for infected cells, and efflux total is the measured efflux per cell from the mixture, then efflux iRBC = [efflux total − (1 − par)efflux RBC ]/par. The efflux for uninfected cells from the same batch used for the parasite culture (see above) was also measured in each experiment. The observed values of the efflux from the mixed population of infected and uninfected cells were, in all cases, at least twice as large than the efflux seen with uninfected cells.
Conditions for efflux
Cell GSH/GSSG content and efflux were measured under a range of conditions (at 37
• C unless stated otherwise). In some experiments, infected erythrocytes and isolated parasites were ATP-depleted by pre-incubating the cells for 40 min in a glucosefree saline before measuring efflux, also in the absence of glucose. This treatment is known to deplete ATP in isolated parasites [34] . In infected erythrocytes, ATP depletion follows within a similar period after exhaustion of ATP from the extracellular fluid [42] . For the uninfected erythrocytes, which metabolize glucose at a much lower rate, it was necessary to pre-treat the cells for 30 min with 50 mM 2-deoxy-D-glucose in glucose-free efflux buffer and then measure efflux in the presence of 20 mM 2-deoxy-D-glucose instead of glucose [43] . The addition of potassium fluoride and iodoacetate as recommended by Plagemann et al. [43] totally abolished all traces of GSH and therefore could not be used for the purpose of the present study.
Cells were also exposed to oxidative challenge. For isolated parasites, this involved either exposure to diamide (200 μM) applied at the start of the efflux period or pre-treatment for 10-20 min with xanthine oxidase (20 m-units · ml − 1 ), superoxide dismutase (100 units · ml − 1 ) and hypoxanthine (1 mM) followed by exposure during the efflux period to the same combination of reagents. For uninfected cells, the procedure was modified to minimize extracellular oxidation of GSH to GSSG during the (much longer) efflux period. In this case, the oxidative challenge was imposed before the efflux period by an initial pretreatment for 40 min with the irreversible glutathione reductase inhibitor BCNU at 40 μM followed by two washes, then a second pre-treatment for 30 min with xanthine oxidase (20 m-units · ml − 1 ), superoxide dismutase (100 units · ml − 1 ) and hypoxanthine (1 mM) followed by two washes.
Cell GSH/GSSG content and rates of efflux were also measured in the presence of 100 μM MK571 or 200 μM furosemide.
Statistics
Results are reported as means + − S.E.M. Comparisons of data obtained under different conditions with isolated parasites were made using one-way ANOVA with Dunnett's post-hoc test. For uninfected and infected erythrocytes, the significance of the effect of the oxidative challenge and of the effects of MK571, furosemide or glucose deprivation on efflux were assessed using two-tailed unpaired heteroscedastic t tests. The variance of the efflux after virtually complete inhibition both should be and by inspection of the data was seen to be different from that of the controls, which precluded use of ANOVA with Dunnett's post-hoc test for many of the comparisons.
RESULTS

Time courses for glutathione efflux
For each of the cell types, i.e. uninfected erythrocytes, P. falciparum-infected erythrocytes and isolated parasites, initial experiments were performed to determine an efflux period suitable to obtain an estimate of efflux rate as shown in Figure 1 . The standard efflux periods chosen for further experiments were 240 min for uninfected erythrocytes, 90 min for infected erythrocytes and 30 min for isolated parasites.
Glutathione efflux and contents of uninfected erythrocytes
Using the recycling assay, with and without thiol masking, the measured rate of appearance of total glutathione in the extracellular solution from uninfected erythrocytes averaged over 4 h was 6.3 + − 0.6 nmol · h − 1 · (10 10 cells) − 1 (n = 7, P < 0.001), whereas the rate of appearance of GSSG in the extracellular solution was 0.59 + − 0.13 nmol · h − 1 · (10 10 cells) − 1 (n = 7, P < 0.01). Hence most of the glutathione appeared in the form of GSH.
To investigate whether the appearance of GSH might be due to the extracellular reduction of GSSG released from the cells, an additional amount of GSSG [31 nmol · (10 10 cells) − 1 ] was added to an uninfected cell suspension, which was then incubated for 2 h. At the end of the 2 h period, 87 + − 12 % (n = 3, P = 0.37 relative to 100 %) of the added GSSG was recovered as such, whereas none (4 + − 8 %, n = 3, P = 0.7 relative to none) of the The efflux of total glutathione and the efflux of GSSG from challenged cells are, in both cases, significantly greater than those from the unchallenged cells (P < 0.01), whereas efflux of GSH is not (P = 0.98). The inhibition of GSSG efflux, but not of GSH efflux, by furosemide and the inhibition of both GSH and GSSG efflux by MK571 or glucose deprivation are statistically significant. (c) GSH and GSSG contents are not significantly affected by furosemide, MK571 or glucose deprivation. (d) The oxidative challenge significantly increased the content of GSSG (P = 0.02), decreased that of GSH (P < 0.01) and decreased that of total glutathione (P < 0.01). Furosemide reduced the content of GSSG, but not that of GSH, whereas MK571 did not change either significantly. The effect of glucose deprivation and addition of 2-deoxy-D-glucose on GSSG content was statistically significant, whereas the effect on GSH content was not.
additional GSSG was recovered as GSH. Thus the appearance of GSH in the extracellular medium cannot be accounted for by the extracellular conversion of GSSG into GSH, and it can be concluded that glutathione emerged from the cells in the reduced form.
A small fraction (0.44 + − 0.11 %, n = 7) of the uninfected erythrocytes underwent lysis during the course of the 4 h incubation. Although small, this degree of lysis accounted for 28 + − 7 % (n = 7) of the GSH appearing in the extracellular solution and it was therefore important that this be taken into account when calculating the actual efflux rate.
To investigate whether the GSH effluxed into the extracellular medium was stable, an extra amount of GSH [125 nmol · (10 10 cells)
− 1 ] was added directly to the supernatant at the start of the efflux period. Of the added GSH, 21 + − 3 % (n = 4, P < 0.01) was lost over 2 h, corresponding to a rate constant for loss of 0.12 h − 1 . Part of this loss was due to oxidation of GSH to GSSG with a rate constant of 0.04 h − 1 . After applying the correction for lysis, which decreases the calculated efflux of GSH, and the correction for the loss of glutathione from the supernatant during the efflux period, which increases the calculated efflux, the estimate of the efflux of GSH from intact uninfected erythrocytes was 5.8 + − 0.9 nmol · h − 1 · (10 10 cells) − 1 (n = 7, P < 0.001) (Figure 2a ). In contrast, for GSSG, after subtracting the rate of production of GSSG from GSH in the external medium from the rate of appearance, the estimate for the efflux became 0.21 + − 0.16 nmol · h − 1 · (10 10 cells) − 1 , which is not significantly different from zero (P = 0.23). Values of the rates of appearance and calculated effluxes for untreated control cells, as well as for oxidatively challenged cells are listed in Table 1 .
As reported in earlier studies [44, 45] , the intracellular glutathione in human erythrocytes was present almost entirely as GSH (Figure 2c ): 1615 + − 65 nmol · (10 10 cells) − 1 for GSH (n = 7, P < 0.001) compared with 13 + − 3 nmol · (10 10 cells) − 1 for GSSG (n = 7, P < 0.05). The total glutathione content, 1638 + − 65 nmol · (10 10 cells) − 1 , can be converted into an intracellular concentration (amount per litre of cell water) of 2.2 mM if it is assumed that the cell water volume is 75 fl [46] . The total content found in the present study for bank (i.e. stored) The rate of appearance of glutathione in the extracellular solution is corrected to allow for cell lysis and extracellular conversion of GSH into GSSG during the efflux period. *P < 0.05, **P < 0.01, ***P < 0.001 using t tests of values relative to zero. GSx is the total amount of glutathione (GSH + 2GSSG) estimated using the recycling assay without masking, and GSSG is the amount of GSSG estimated with masking. The amount of GSH is calculated by difference. [11, 13, 26, 44, 48, 49] . The GSSG content found in the present study may be an overestimate, as the calculations leading to this value assumed 100 % efficiency of the masking reaction used in the assay. GSH and GSSG contents were not significantly affected by furosemide or MK571, or by glucose deprivation combined with exposure to 2-deoxy-D-glucose (Figure 2b ). The fraction of glutathione present as GSSG, defined as 2GSSG/(2GSSG + GSH), could be increased by imposing an oxidative challenge, achieved by inhibiting glutathione reductase using BCNU followed by exposure to a peroxide-generating system as described in the Experimental section. In oxidatively challenged cells, GSH content was significantly reduced compared with that in unchallenged cells, whereas GSSG content was significantly increased (Figure 2d ). MK571 produced no further significant changes in either GSH or GSSG content, but with furosemide there was a decrease in GSSG (Figure 2d) .
Rate of appearance in the extracellular solution [nmol
In oxidatively challenged cells, there was an increased rate of appearance of glutathione in the extracellular solution (Table 1) . This extra glutathione was predominantly GSSG. The possibility that the measured GSSG had been converted from GSH present outside the cells was investigated by adding 125 nmol · (10 10 cells) − 1 GSH to the medium at the start of the efflux period. After 2 h, 30 + − 10 % (n = 5, P < 0.05) of the added GSH was lost, whereas the ratio of the amount of GSSG produced to the amount of GSH added initially was 0.10 + − 0.04 (n = 5, P < 0.05), corresponding to rate constants for loss of GSH (by all routes) and for conversion into GSSG of 0.23 h − 1 and 0.09 h − 1 respectively. The calculated production of GSSG from GSH was always much less than the increase in the amount of GSSG present in the extracellular solution and thus it can be concluded that most of the extra efflux that occurred after oxidative challenge was as GSSG (Table 1) , consistent with previous results [13] . Thus the erythrocytes possess a mechanism for the efflux of GSSG and the likely reason for GSSG efflux not being observed under basal conditions (i.e. in the absence of an oxidative challenge) is that the intracellular GSSG concentration was too low.
To determine the effects of ATP depletion on the efflux of glutathione from uninfected human erythrocytes, cells in glucose-free medium were pre-treated for 30 min with 50 mM 2-deoxy-D-glucose, then efflux was measured in the absence of 20 mM glucose and the presence of 20 mM 2-deoxy-D-glucose as described in the Experimental section. As shown in Figures 2(a) and 2(b), this procedure abolished glutathione efflux both in control cells and in those that had been exposed to oxidative challenge. The sizes of these decreases were not matched by decreases in cell contents (Figures 2c and 2d ). These observations suggest that both the release of GSSG following oxidative challenge (in agreement with [13] ) and the basal efflux of GSH are dependent upon the products of glucose metabolism, e.g. ATP.
Exposure of the cells to the mammalian MRP inhibitor, MK571 (100 μM) throughout the efflux period resulted in a substantial decrease in the efflux of GSH from both control and oxidatively challenged cells, as well as a decrease in the efflux of GSSG from oxidatively challenged cells. In contrast, furosemide at 200 μM had no significant effect on the basal efflux of GSH, but did partly inhibit efflux of GSSG from oxidatively challenged cells (P < 0.05) (Figures 2a and 2b) . However, because this 3-fold reduction in GSSG efflux was associated with an approximately 5-fold reduction in GSSG content (Figure 2d) , it does not provide any evidence for an inhibition of the efflux process for GSSG by furosemide.
Comparisons of measurements of efflux from uninfected cells were made using both the recycling and HPLC assays. As shown in Figure 3 , the values obtained with the two methods were similar to one another.
Glutathione efflux from P. falciparum-infected erythrocytes
Both the recycling assay and the HPLC methods were also used to measure the efflux of glutathione from erythrocytes infected with the 3D7 strain of P. falciparum. As with the uninfected cells, there was good agreement between the values obtained using the two methods (Figure 3) . The results demonstrated that the efflux of total glutathione (GSH + 2GSSG) from P. falciparum-infected erythrocytes was substantially higher than that from uninfected cells and, within the resolution of these experiments, was entirely in the form of GSH. As shown in As shown in Figure 4 , exposure of the infected erythrocyte suspensions to 200 μM furosemide throughout the efflux period strongly inhibited the efflux of GSH from the infected cells (P < 0.01). MK571 (100 μM) caused an apparent decrease in GSH efflux, but this did not reach statistical significance.
To determine whether efflux of glutathione from infected erythrocytes was energy-dependent, in two experiments cells were pre-treated for 40 min at 37
• C in glucose-free medium then efflux was measured, again in the absence of glucose. The GSH 
Figure 4 Efflux of GSH (black bars) and GSSG (white bars) from uninfected and infected erythrocytes
The values for infected erythrocytes were calculated from the recycling data shown in Figure 3 adjusted using the parasitaemias for the cell suspensions, the extent of lysis and the data for uninfected cells obtained in the same experiments. RBC, uninfected erythrocyte data from Figure 3 corrected for lysis (n = 4); iRBC, infected erythrocytes (n = 6); + F, infected erythrocytes with 200 μM furosemide (n = 3); + MK, infected erythrocytes with 100 μM MK571 (n = 3); − G, infected erythrocytes in the absence of glucose (n = 2). P values for t tests for GSH or GSSG values relative to those for control infected erythrocytes are shown. The efflux of GSH from infected erythrocytes in the presence of MK571 or in the absence of glucose is, in both cases, significantly greater than zero (each P = 0.04), whereas that measured in the presence of furosemide is not (P = 0.2). Results are means + − S.E.M.
efflux from the glucose-deprived infected cells was significantly less than from glucose-replete cells. Furthermore, in both experiments, there appeared to be an efflux of GSSG (Figure 4) . The average GSSG content of the cells in the suspension increased from 6 + − 2 nmol · (10 10 cells) − 1 at the beginning of the efflux period to 48 + − 1 nmol · (10 10 cells) − 1 90 min later (two pairs, P = 0.02). Because simple deprivation of glucose for 40 min does not deplete glucose in uninfected erythrocytes [50] , all of the increase in GSSG content is likely to have occurred within the infected cells. If so, the increase observed in the mixed (infected and uninfected) cell population would correspond to an increase in GSSG of 165 + − 21 nmol · (10 10 cells) − 1 within the infected cells (including the parasites). Increased GSSG content of the infected cells may explain the increased efflux of this species from infected cells.
Content and efflux of glutathione in isolated parasites
Content and efflux of glutathione were measured in parasites functionally isolated from their host cells by saponinpermeabilization of the erythrocyte membrane. The results are shown in Table 2 which, for comparison, also includes previous determinations by others of content and efflux of glutathione from isolated P. falciparum parasites [11, [25] [26] [27] [28] 51] . The total glutathione contents of isolated 3D7, Dd2 and D10 parasites were not significantly different from one another (P = 0.4, single-factor ANOVA). The average of the determinations for all three strains, 1440 nmol · (10 10 cells) − 1 , can be expressed as an intracellular concentration, amount per litre of cell water, equal to 5.1 mM, if it is assumed that the parasite water volume is 28 fl [46] . The parasites contained very low levels of GSSG.
In all three strains investigated, there was substantial efflux of GSH but not of GSSG. The rate of appearance of GSSG in the extracellular medium was only 3.2 + − 1.6 nmol · (10 10 cells)
− 1 · h − 1 (n = 16, using data from all three strains), which is not significantly different from zero (P = 0.07). In a separate series of experiments, the recycling assay (with M2VP as the masking agent) and the HPLC assay were compared in experiments on isolated 3D7 parasites. As with the data for erythrocytes, there was good agreement in the values obtained with the two methods (results not shown).
To check for the stability of the two forms of glutathione in the extracellular solution during the incubations, in control †It has been determined that content values measured in parasites purified using Percoll or magnetic bead methods are lower than measured when parasites are obtained without these steps (Sylke Muller, personal communication). Compare Patzewitz et al. [28] with Lüersen et al. [26] and Meierjohann et al. [27] .
‡The authors state that they measured GSSG, but the method cited measures total glutathione, GSx. §Determined using 1 H-NMR and perchloric acid, methanol, methanol/water or methanol/chloroform/water extracts of isolated parasites. The total glutathione (GSx) amounts were similar using all extraction methods, but the proportion of reduced and oxidized forms detected varied.
experiments measurements of GSSG and GSH (using M4VP as the masking agent) were carried out with parasite suspensions in which either GSSG or GSH was added directly to the extracellular solution at the start of the efflux period. The amounts added equated approximately with the total amount of glutathione expected to appear from the parasites into the surrounding medium during the efflux period. In addition, in separate experiments, amounts of GSSG or GSH comparable with the total cell glutathione content were added directly to samples of parasite lysate obtained following incubation, pelleting and extraction of the cells in 46 mM (10 mg · ml − 1 ) sulfosalicylic acid. The concentrations of GSH and GSSG assayed in the extracellular solution (sampled at the end of the efflux period) and the lysate were found to be quantitatively very close to those expected as the sum of that already present plus the amounts added. Specifically, in two experiments, the proportions of added GSH recovered in the extracellular medium were 0.88 and 0.96 and in the lysate were 0.92 and 0.85, whereas for GSSG, the proportions were 0.92, 1.05, 0.8 and 0.72 respectively. Hence no adjustments to account for loss or conversion have been made to the calculated values for GSH and GSSG at the end of the efflux period, unlike the situation with uninfected cells in which the efflux period was much longer and the efflux rates much lower.
As was the case for the experiments on intact erythrocytes, the isolated parasites were challenged in a number of ways that influenced both content and efflux. To investigate the effects of energy depletion, parasites were pre-treated for 40 min at 37
• C in glucose-free medium, then efflux was measured (in the continued absence of glucose). Suspension in glucose-free medium is known to decrease ATP concentrations inside isolated parasites [34] . As shown in Figure 5 , glucose deprivation was seen to alter the cellular content of GSH and GSSG, and resulted in a 5-fold reduction in total glutathione efflux, relative to controls. Decreasing the temperature (from 37 to 21
• C) also decreased the efflux of total glutathione from isolated parasites (suspended in the presence of glucose).
Oxidative challenge of isolated parasites, by addition of 200 μM diamide at the start of the efflux period, resulted in an immediate increase in cellular GSSG content. A more sustained oxidative challenge, generated by treatment of the isolated parasites with the hypoxanthine/xanthine oxidase peroxidegenerating system, resulted in GSSG increasing for longer, although to a more modest level (Figure 5a ). In both cases, there was very little change in the total glutathione content within the cells (Figure 5b ). Total glutathione efflux from diamide-treated cells was found to be significantly lower than that from untreated control cells (Figure 5c ). In cells treated with the hypoxanthine/xanthine oxidase/superoxide dismutase system, total glutathione efflux was also lower (in three out of three experiments), but the difference did not reach statistical significance. In the case of the diamide-treated cells, there was detectable GSSG in the extracellular medium at the end of the 30 min efflux period, 12 + − 4 nmol · (10 10 cells) − 1 (n = 7, P < 0.05), whereas with xanthine oxidase-treated cells, although there was again detectable GSSG present in the extracellular medium, this did not reach statistical significance [13 + − 9 nmol · (10 10 cells) − 1 (n = 3, P = 0.
3)]. It should be noted that, even in the case of the diamide-treated cells, it was not clear that the presence of GSSG in the medium could be attributed to GSSG efflux from the parasite as both intra-and extra-cellular media were subjected to oxidative challenge by the presence of the diamide, and it is possible that, under these conditions, extracellular GSH underwent oxidation to GSSG. The fact that GSH could indeed be converted into GSSG in the medium was confirmed by adding GSH to an aliquot of efflux medium containing diamide at a concentration 1/50th of that added to provide oxidative stress during efflux. After 30 min, 54 % of the GSH had been converted into GSSG. Thus neither in the experiments with diamide nor those with xanthine oxidase was it possible to say whether or not there had been efflux of GSSG from the isolated parasites.
Addition of 19 μM MK571 to isolated parasites changed neither glutathione content nor glutathione efflux significantly. At a higher MK571 concentration (100 μM), cell lysis became appreciable, typically 60 %, and the data could not be used to calculate efflux. In these experiments, GSSG efflux was always less than 6 nmol · h − 1 · (10 10 cells) − 1 for the low ATP, MK571 or low T conditions. GSSG efflux could not be determined from the data for cells exposed to diamide or XO (see the text).
DISCUSSION
The present study demonstrates that, in the absence of oxidative stress, glutathione efflux from uninfected erythrocytes takes place primarily in the reduced, not the oxidized, form. No GSSG efflux into the external medium was detected over 4 h. These observations are in contrast with what has been stated in some [14, 23] , but not all [24] , previous reports on the export of glutathione from uninfected erythrocytes. In the present study, two independent methods have been employed to measure glutathione and distinguish between the oxidized and reduced forms: a recycling assay for glutathione with or without a thiolmasking agent, either M4VP or M2VP, and rapid derivatization using DTNB followed by detection using HPLC. The enzymatic recycling method uses the selectivity of glutathione reductase for GSSG to detect total glutathione (i.e. that initially present as either GSH or GSSG). With a masking agent present, only the unmasked form of glutathione, i.e. that initially present as GSSG, is detected. The HPLC assay uses clear differences in retention time to separate GSSG and the derivatives of GSH and cysteine (peak positions identified using authentic compounds). Thus both methods provide estimates of the concentrations of both GSH and GSSG. In experiments in which samples taken during efflux from the same tubes were analysed separately by the two methods, the measurements obtained gave very similar results (Figure 3 ). This agreement supports the notion that the failure to detect efflux of GSSG from uninfected erythrocytes in the absence of oxidative stress was not due to methodological problems.
Under oxidative challenge, there was an increase in glutathione export from the uninfected erythrocytes, with the increase apparently being due to export of the oxidized form GSSG. To ascertain that this was not due simply to imposition of the oxidative challenge on GSH present in the extracellular medium, experiments were performed in which known amounts of GSH were added to the suspension at the start of the efflux period. From the results of these experiments, it was possible to estimate how much glutathione exported from the cells in the reduced form would have been subsequently oxidized to GSSG. This was always much less than the increase in GSSG observed from the oxidatively challenged uninfected cells. Hence it may be concluded that, under these conditions, glutathione was indeed being exported from the cells in both the reduced and oxidized forms (Figure 2 ). The observation of GSSG efflux from human erythrocytes subjected to oxidative stress is in agreement with previous reports [13] .
Total glutathione efflux from P. falciparum-infected erythrocytes was greater than that from uninfected cells, in agreement with previous results [11, [25] [26] [27] [28] . However, the results of the present study suggest that glutathione was effluxed from infected cells predominantly as GSH, not as GSSG. This is in contrast with the findings of Atamna and Ginsburg [11] who reported that the glutathione exported from P. falciparum-infected erythrocytes was in the oxidized GSSG form. In the present study, there was very little GSSG detected inside infected erythrocytes suspended in glucose-containing medium. On removal of glucose, the GSSG content of infected erythrocytes increased, the efflux of GSH was reduced and, in both experiments, there was efflux of GSSG. The decrease in GSH efflux may have resulted from a decrease in the GSH concentration in the cytosol of the host erythrocyte (see below).
Glutathione effluxed from isolated parasites was also found to be in the reduced form, with efflux strongly inhibited by glucose deprivation. This could well explain the reduction in GSH efflux occurring from intact infected cells deprived of glucose. In these cells, the amount of GSH entering the erythrocyte cytosol from the parasite would have been markedly decreased, leading to a decrease in the concentration of GSH in the erythrocyte cytosol and hence decreased efflux of GSH from the infected cell.
The failure to detect GSSG efflux from isolated parasites was not due to insensitivity of the assay or to conversion of GSSG into GSH during the incubation, as confirmed by the demonstration that known amounts of GSSG or GSH added to the extracellular medium at the start of the efflux period could be reliably detected in the medium at the end. Very little GSSG was found within the isolated parasites under unstressed conditions, but the GSSG content of isolated parasites increased following ATP depletion.
The only previous study on isolated P. falciparum parasites in which GSSG efflux (as opposed to total glutathione efflux) was measured is that of Atamna and Ginsburg [11] , who described a large efflux of GSSG. The reason for the difference between the results reported by Atamna and Ginsburg and those reported in the present paper is unclear. There are several differences between the methods used, each or all of which may be significant. In the present study, parasites were isolated using saponin and either a recycling assay with and without masking agent or HPLC with separation of GSH and GSSG using rapid derivatization was used to determine the amounts of GSH and GSSG in the samples of the extracellular medium. Atamna and Ginsburg [11] isolated parasites using Sendai virus and measured GSSG in the extracellular medium by adding NADPH and glutathione reductase to reduce the GSSG to GSH, then determining spectrophometrically the amount of NADPH consumed. They did not report measurements of GSH in the extracellular medium.
In the present study, export of total glutathione and of GSH from both infected and uninfected erythrocytes and isolated parasites appeared to decrease under ATP-depleting conditions. This is suggestive of some energy-requiring step en route. However, there were differences between the different cell types with regard to the sensitivity of efflux to the MRP inhibitor MK571. When added at a concentration of 100 μM, MK571 almost completely abolished export of glutathione from uninfected cells, while having no significant effect on the efflux of glutathione from infected cells. The inhibition by MK571 of the efflux of glutathione from uninfected erythrocytes is consistent with the involvement of an MRP. MRP1, MRP4 and MRP5 are all known to be present in human erythrocytes [19] [20] [21] [22] 52] . MRP1 is perhaps the most likely candidate for the principal glutathione efflux transporter, on the basis of its substrate profile [53, 54] , with known substrates including both GSH and GSSG; however, this remains to be clarified.
In erythrocytes infected with mature P. falciparum trophozoites, the export of GSH is substantially greater than in uninfected cells. This export was inhibited fully by furosemide which, at the concentration used in the present study, is an effective inhibitor of the NPPs (new permeability pathways) induced by the parasite in the infected erythrocyte membrane. These parasite-induced pathways are therefore the likely route by which GSH exits the infected cell.
The nature of the pathway(s) by which glutathione is exported from the parasite is less well understood, but may involve an MRP-like protein. P. falciparum encodes two such proteins and both have been localized to the plasma membrane of asexual blood-stage parasites [55] [56] [57] [58] . Although MK571 is effective at inhibiting the activity of MRPs from several different species [59] [60] [61] , it is not known whether it can block the MRPs of the parasite. Unfortunately, the effect on isolated parasites of MK571 at concentrations sufficient to inhibit the MRPs of other species could not be interpreted since many of the cells ruptured during exposure.
For all three of the cell types studied, i.e. uninfected erythrocytes, P. falciparum-infected erythrocytes and isolated P. falciparum parasites, there was no export of GSSG detected under physiological conditions (i.e. from unchallenged cells). However, imposing higher GSSG levels inside uninfected erythrocytes by exposure to the xanthine oxidase peroxidegenerating system did result in GSSG efflux from this cell type. This efflux was inhibited by glucose deprivation consistent with it being an energy-requiring process (such as an MRP). This contrasts with the situation in infected cells in which there appeared to be GSSG export under ATP-depleting conditions. With isolated parasites GSSG export was not detectable under any conditions used in the present study. Indeed increasing GSSG levels inside isolated parasites using 200 μM diamide produced no change in the total glutathione content, but reduced the total efflux. This observation is at variance with the opposite result reported by Ayi et al. [25] . The reason for the discrepancy is unknown. However, our observations cannot exclude the possibility that GSSG efflux occurs following oxidative stress because it was not possible to detect low levels of GSSG efflux in the face of GSSG production from GSH in the extracellular fluid.
Export of GSH rather than GSSG from parasite to host cell may serve an important physiological role in the parasitized cell; the host cell may rely on a supply of GSH from the parasite in order to maintain antioxidant defence. What role, if any, might be played by the subsequent export of GSH from the erythrocyte is perhaps less clear, although extracellular GSH may have an important role to play in the local environment of the infected erythrocyte. Export of GSH has been observed in a number of cell types, including the cells of the lung where GSH in the extracellular space, acting as an antioxidant, makes a vital contribution to the lung's host defence system [62] . Export of GSH is also observed from astrocytes [63] , and this release increases in response to raised levels of reactive oxygen and nitrogen species.
